ABSTRACT
INTRODUCTION

19
This paper aims to provide an overview on the use of Synthetic Aperture Radar (SAR) images acquired from 20 space for purposes of archaeological landscape studies and cultural heritage applications, in recognition of the 21 increasing role that this branch of remote sensing is playing in the field of archaeological science. 22 Recent reviews have been published to illustrate the basic principles that make SAR suitable for archaeological 23 prospection (Lasaponara and Masini, 2013; Chen et al., 2015a ) and showcase some successful achievements 24 with high resolution SAR sensors (Chen et al., 2015b) . But an assessment of the current trends in SAR 25 archaeological remote sensing has not been carried out yet, alongside a review of the existing opportunities 26 offered by the recent technological developments. 27
It is to fill this gap that in this paper we review the three key factors -data, processing methods and application 28 types -that at present favour the exploitation of this space technology to complement well-established 29 techniques of aerial photography, optical remote sensing and generation of digital elevation models (DEMs). 30
BACKGROUND AND GROWING IMPACT
31
From an historical perspective, the earliest use of SAR to study paleo-landscapes dates back to the 1980s with 32 investigations in both tropical and subtropical territories (Adams et al., 1981) and arid environments (Elachi et GHz, 3.75-7.5 cm; X 8-12.5 GHz, 2.5-3.75 cm, and proving that better performance is usually obtained at longer 37 Archaeologists can also benefit from the full range of beam modes and incidence angles offered by the same 120 satellite mission to improve the detection and delineation of subtle archaeological features, whilst relating them 121 to the landscape over a wide swath. Figure 3 demonstrates the stunning improvement in SAR imaging from 122 ScanSAR to High Resolution Spotlight modes to discriminate the UNESCO World Heritage List Nasca Lines, 123 in Southern Peru. The distinctive radar signature of the 'negative geoglyphs' (exposed unpatinated and lighter 124 coloured ground) can be analysed by drawing a backscatter profile from the feature to the nearby soil (dark 125 gravels) and checking its consistency or variations by year or by season (Tapete et al., 2013b) . The suitability of SAR remote sensing to the specific purpose of investigating archaeological landscapes relies 136 on the flexibility offered by the radar sensors to tune up the acquisition parameters. In this regard the successor 137 to ALOS PALSAR -namely ALOS-2, launched in May 2014 -can acquire images with single to full 138 polarization, range-azimuth resolution up to 3 x 1 m and incidence angles between 8 to 70 degrees in the various 139 beam modes. Operating in L-band, the sensor PALSAR-2 is expected to penetrate more of the topsoil, 140 depending on the incidence angle (see section 3.2.3) at equal environmental conditions (e.g., feature roughness 141 and soil moisture). i.e. SAR Level-0 (compressed and unfocused SAR raw data), Level-1 (focused data) and Level-2 (geo-located 159 geophysical products). In particular, Level-1 Ground Range Detected (GRD) products are focused SAR data 160 that have been detected, multi-looked and projected to ground range using an Earth ellipsoid model, and 161 provided in GeoTIFF format. These raster images have approximately square resolution pixels and square pixel 162 spacing with reduced speckle, although at the cost of reduced geometric resolution and loss of phase 163 information. Although this means that interferometric analysis is not possible with GRD products, image 164 analysts can use them straightforward with GIS software for purposes of amplitude change detection (see 165 section 3.2.1) or geospatial analysis and data integration. 166
An example of the readiness of these data for use is provided in Figure 4 . Sentinel-1A data over the area of the 167 Nasca Civilisation in southern Peru were downloaded from the Sentinels Scientific Data Hub and processed 168 using basic GIS geoprocessing tools to normalise the radar reflectivity of the image pixel as per the Sentinel-1 169
User Handbook (ESA, 2013) and generate the RGB color composite and the amplitude ratio using the formula 170 reported in section 3.2.1. all the deterministic phase components (mainly due to the terrain elevation) are compensated for (ESA, 2007) . 211
Computation of the absolute value of γ using a moving window over the whole SAR image results in a 212 coherence map of the observed scene, where values can range from 0 to 1, i.e. from no to perfect correlation. 213
Strong coherence means high homogeneity with no change of land surface properties such as soil moisture, 214 vegetation cover, roughness, elevation or geometry, whilst low γ values are found over altered surfaces. 215 Rio Nazca, Peru, in proximity to Cahuachi, the world largest adobe ceremonial centre (Tapete et al., 2013b) . 221
Historically the whole area was affected by flood events to the extent that the settlements were heavily damaged 222 or destroyed (Cigna et al., 2013) . Although the river brings fresh mud yearly, thereby creating a fertile strip for 223 agriculture, it still represents a treat for the local archaeological heritage, also due to extreme meteorological 224 events occurring in the mountain range to the east of the plain. Alteration of the radar backscatter between dry, 225 wet and flooded un-vegetated surfaces can be also used to infer the impact in the recent past and assess flood 226 hazard and susceptibility. 227 ENVISAT ASAR were suitable to delineate major geoglyphs of Nasca Lines or detect buried and abandoned 325 puquios, although the obvious limitation relates to the precision with which the feature is delimited from the 326 nearby soil and its land use. Furthermore, despite their lower resolution, historical data are sometimes the only 327 imagery available from the space agencies' archives, and can be used to look at past landscapes that have been 328 modified by human actions such as extensive ploughing, dam construction, urban sealing, war damages and 329
vandalism. 330
At present, except for the L-band ALOS-2 mission, the highest resolution SAR imagery is acquired in X-331 band (e.g., TerraSAR-X Staring Spotlight and COSMO-SkyMed Spotlight; Figure 2d ) which is expected to 332 have lower penetration capability than L-band, at equal environmental conditions. As mentioned in section The increased accessibility to SAR data at different spatial resolution and temporal coverage certainly plays a 405 key role in encouraging scientists to undertake tests and pilot studies. But it is the different type of information 406 provided by SAR compared with other Earth Observation techniques -e.g. soil penetration, data to extract 407 topography, nearly regular acquisitions, and visibility in areas where optical sensors do not perform effectively 408 -which likely explains why this technology is increasingly being interrogated by archaeologists, mostly in 409 collaboration with remote sensing experts. The evidence found in the literature is that research outputs coming 410 out from such collaborative projects are increasing, thus suggesting that teamwork between different profiles 411 and professionals is helping to make SAR be more used in archaeology. 412
As demonstrated in this paper, the type of research currently undertaken with SAR can generate the following 413 scientific, cultural and social impacts: respectively. Sentinel-1A data were accessed from ESA's Sentinels Scientific Data Hub. If not otherwise 436 specified, data processing was carried out using GAMMA SAR and Interferometry Software licensed to BGS, 437 NERC. The authors publish with the permission of the Executive Director of BGS, NERC. 438
